Multiple protein kinases affect the responses of dorsal horn neurons through phosphorylation of synaptic receptors and proteins involved in intracellular signal transduction pathways, and the consequences of this modulation may be spinal central sensitization. In contrast, the phosphatases catalyze an opposing reaction of de-phosphorylation, which may also modulate the functions of crucial proteins in signaling nociception. This is an important mechanism in the regulation of intracellular signal transduction pathways in nociceptive neurons. Accumulated evidence has shown that phosphatase 2A (PP2A), a serine/threonine specific phosphatase, is implicated in synaptic plasticity of the central nervous system and central sensitization of nociception. Therefore, targeting protein phosphotase 2A may provide an effective and novel strategy for the treatment of clinical pain. This review will characterize the structure and functional regulation of neuronal PP2A and bring together recent advances on the modulation of PP2A in targeted downstream substrates and relevant multiple nociceptive signaling molecules.
Introduction
Intracellular signal transduction pathways play a pivotal role in the maintenance of biological processes such as cell growth, proliferation, survival, and metabolism in all cells and tissues. It has been demonstrated that a variety of intracellular signal transduction pathways are involved in the physiological or patho-physiological responses to noxious stimuli [1] [2] [3] . The opposing reactions of phosphorylation and de-phosphorylation of critical cellular proteins are decisive to such pathways [4, 5] . Protein kinases and phosphatases catalyze protein phosphorylation and de-phosphorylation reactions, respectively. While in the past, much attention has been paid to the regulation of protein kinases, it is now apparent that protein phosphatases are highly regulated enzymes that play an equally important role in the control of protein phosphorylation. Accumulated evidence has shown that protein kinases are widely implicated in pain modulation. Several protein kinases affect the responses of spinal cord dorsal horn neurons through phosphorylation of synaptic receptors and proteins involved in intracellular signal transduction pathways, and the consequences of this modulation can regulate the process of central sensitization [2, [6] [7] [8] [9] [10] . However, much less is known about the role of their counterparts, protein phosphatases, in nociception. Recent studies have provided evidence that the a member of protein phosphatase family, protein phosphatase 2A (PP2A), is involved in synaptic plasticity in the central nervous system (CNS) or central sensitization of pain, suggesting a new promising molecular target for pain control [11] [12] [13] [14] [15] .
Serine/threonine specific phosphatase is one of major classes of protein phosphatases that catalyse the de-phosphorylation of serine and threonine residues. According to their biological characteristics, sensitivities to specific inhibitors and substrates, serine/threonine specific phosphatase can be divided into four major subtypes, PP1, PP2A, PP2B and PP2C [16] . Among this family members, PP2C belongs to a separate gene family since it has a distinct structure from the others, whereas PP1, PP2A and PP2B have similar primary amino acid sequences. There are other serine/threonine phosphatases identified as well, including PP4, PP5, PP6 and PP7. Unlike PP1 and PP2A, the in vitro basic activities of PP4, PP5, PP6, and PP7 are extremely low. Of these subtypes, PP2A is the most abundant serine/threonine protein phosphatase in mammalian cells and is expressed at higher levels in the CNS [17] . This review will characterize the structure and functional regulations of PP2A and highlight recent advances in the involvement of PP2A in de-phosphorylation of specific downstream substrates and nociceptive signal processing.
The structure and localization of PP2A PP2A is a major serine/threonine protein phosphatase in mammalian cells and has been implicated in the control of numerous biological processes including development, cell growth, differentiation, and apoptosis. It accounts for up to 1% of all cellular proteins and, together with PP1, accounts for 90% of all serine/threonine phosphatase activity in most tissues and cells [18] . It predominantly exists in cells as a heterotrimetic holoenzyme, which consists of a 36 kDa catalytic subunit (PP2A-C), a 65 kDa structural subunit (PP2A-A) forming a core enzyme, and a variable regulatory subunit (PP2A-B), as illustrated in Figure 1 [19] . The A structure subunit recruits the C catalytic subunit to form the core dimer, which acts as a scaffold for B subunits of the enzyme. Four B subunit families have been identified (PR55 or B, PR61 or B' , PR72/130 or B" and PR93/PR110 or B"'). Different B subunits interact via the same or overlapping sites within the A subunit of the core dimer. The association of these B subunits with the core AC dimer is mutually exclusive. The PP2A holoenzyme's substrate specificity, enzymatic activity, and/or cellular localization can be modulated by the B regulatory subunit [20] [21] [22] [23] .
Each family of B subunits contains several isoforms that can bind the AC dimer in a mutually exclusive manner [24] . In mammalian cells, B or PR55 family (α, β, γ and δ) is expressed in a tissue-specific manner. PR55α and PR55δ are widely-distributed in different tissues, whereas PR55β and PR55γ are highly enriched in the brain. PR55α is distributed primarily in the cell body and nucleus of Purkinje cells, whereas PR55β is excluded from the nucleus and extends into dendrites. The B' family consists of five primary members of the PR61 (α, β, γ, δ and ε) that are mapped to the human chromosomes loci 1q41, 11q12, 3p21, 6p21.1, and 7p11.2, respectively. PR61α, PR61β and PR61ε localize to the cytoplasm, whereas PR61γ1, PR61γ2, PR61γ3 are concentrated in the nucleus, and PR61δ is found in both the nucleus and the cytoplasma. PR61α and PR61γ1-γ3 are enriched in heart and skeletal muscles. PR61β and PR61δ are expressed predominantly in the brain. For the B" family, PR72 is expressed exclusively in the heart and skeletal muscles, whereas PR130 is expressed predominately in the heart and muscles. The PR93/PR110 comprises the B"' family. PR110 is localized to the post-synaptic densities of neuronal dendrites, whereas PR93 is nuclear located (Table 1 ) [16, 22] . The spinal cord dorsal horn is an important area containing sensory neurons that has been implicated in major pain processing. Our previous immunofluorescent staining studies have shown that the neurons with PP2A expression are mainly distributed in the superficial layers of the dorsal horn, laminae I and II, and a few of the PP2A immunoreactive neurons are found in the ventral horn of the spinal cord as well (unpublished data).
The functional regulation of PP2A activity through post-translational modification Previous studies have demonstrated that modulations of PP2A activity are due to the tyrosine or serine/threonine phosphorylation of not only the catalytic C subunit, but also the regulatory B subunit, especially those of the B' family [18, 20] . The regulatory B subunits play key roles in controlling PP2A substrate specificity, cellular localization, and enzymatic activity [25] . Tyrosine kinases such as Src kinase, inhibit PP2A activity, and the PP2A assembly can be inhibited by the phosphorylation of the B56 subunit by extracellular signaling regulated kinase (ERK) [26, 27] . Another post-translational modification of the catalytic C subunit, methylation, which occurs on the carboxy group of the C-terminal residue Leu 309 , is also involved in the alterations of PP2A's activity [28, 29] . It has been shown that the methylation of PP2A-C may influence the affinity of the AC core dimer to the different B subunits [30, 31] . For example, some B regulatory Figure 1 Structure of protein phosphatase 2A holoenzymes. A is the structural subunit and scaffolding protein, and C is the catalytic subunit. B/B'/B"/B"' are the variable and regulatory subunits. PP2A predominantly exists in cells as a heterotrimetic holoenzyme, which consists of a 36 kDa catalytic subunit (PP2A-C), a 65kDa structural subunit (PP2A-A) forming a core enzyme, and a variable regulatory subunit (PP2A-B). The A structure subunit recruits the C catalytic subunit to form the core dimer, which acts as a scaffold for the C and B subunits of the enzyme. Four B subunit families including PR55or B, PR61 or B', PR72/130 or B" and PR93/PR110 or B"' interact via the same or overlapping sites within the A subunit of the core dimer. The PP2A holoenzyme's substrate specificity, enzymatic activity, and/or cellular localization can be modulated by the B regulatory subunit. subunits appear to bind to an AC dimer more efficiently when the catalytic C subunit has been methylated, whereas other B subunits prefer to bind an AC dimer with a demethylated C subunit [32] . The post-translational modification of PP2A has been implicated in the pathogenesis of Alzheimer's disease (AD), a neurodegenerative disorder with impaired synaptic plasticity [33] [34] [35] [36] [37] . The reduced methylation of PP2A C subunit at Leu 309 and the increased phosphorylation of PP2A C subunit at Tyr 307 may result in loss of enzymatic activity and tau hyperphosphorylation in Alzheimer's disease, indicating that PP2A is a putative target of therapeutic intervention [34] . How the post-translational modification of PP2A is regulated during nociception is still unclear and deserves further investigations.
Substrate molecules and signal transduction cascades regulated by PP2A in synaptic plasticity and central sensitization in response to nociceptive stimuli It has been demonstrated that synaptic glutamate receptors play a critical role in synaptic plasticity, electrophysiologically characterized by long term potentiation (LTP) and long-term depression (LTD), in the central nervous system [38] [39] [40] [41] . Previous studies from ours and other groups have demonstrated that central sensitization of pain may represent a spinal form of LTP, since there are close parallels in mechanisms important for LTP and central sensitization [1, [38] [39] [40] . The functional activation of post-synaptic glutamate receptors may influence a variety of intracellular signals, which may trigger cellular and molecular changes at transcriptional, translational, or post-translational levels. Theses changes contribute to the synaptic plasticity and central sensitization induced by peripheral noxious stimulation [3, 6, 42, 43] . The phosphorylation and de-phosphorylation of synaptic glutamate receptors are important post-translational mechanisms in the modulation of synaptic strength. Strong noxious stimulation in the periphery may activate several protein kinases such as calcium/camodulin dependent protein kinase II (CaMKII), cAMP-dependent protein kinase (PKA), protein kinase C (PKC), and protein kinase G (PKG), which play an important role in the phosphorylation of glutamate receptors in spinal nociceptive neurons [1, 3, 7, [42] [43] [44] [45] . The increased sensitivity of glutamate receptors through the phosphorylation regulated by protein kinases may contribute to the enhanced responsiveness of dorsal horn neurons during central sensitization [1, 3, 10] . In contrast, the protein phosphotase, PP2A may reverse these signals through the de-phosphorylation of glutamate receptors and several intracellular protein kinases, and therefore, blunt the central sensitization of pain [11] [12] [13] [14] .
PP2A is involved in the induction and maintenance of synaptic plasticity: electrophysiological evidence
The modification of protein phosphorylation is a critical element leading to the induction of synaptic plasticity. For example, long-term potentiation is accompanied by increased glutamate receptor phosphorylation through various protein kinases and a concomitant decrease in protein phosphatase activity [46] . In contrast, a decrease in synaptic strength, LTD, has been shown to be dependent on glutamate receptor de-phosphorylation mediated by an increase in the activity of protein phosphatases, possibly PP1 and PP2A [47] . Thus, a coordination of kinase and phosphatase activities is crucial for the comprehensive modulation of synaptic plasticity. The application of the PP1/PP2A inhibitor calyculin A, or the post-synaptic injection of microcystin, in hippocampal slices induces a rapid enhancement of synaptic transmission , particularly in the hippocampal tissue from aged rats [48] . It indicates that synaptic transmission can be actively and persistently regulated by protein phosphatases. It has been shown that PKA plays an important role in N-methyl-D-aspartic acid (NMDA) receptor-mediated plasticity in the hippocampus and spinal cord through the phosphorylation of GluN1 subunit of NMDA receptors. Both pharmacological and genetic inhibition of the cAMP/PKA cascade may inhibit the LTP in the hippocampal CA1 area [49, 50] . The sensitivity of LTP (elicited by either multiple 100-Hz trains or prolonged 5-Hz stimulation) to PKA inhibition was eliminated by the prior incubation of hippocampal slices with a PP1/PP2A inhibitor, suggesting that the PKA pathway participates in LTP, which may include the activity-dependent suppression of PP1/PP2A activity [51, 52] . It has been noted that the induction of LTP is associated with an inhibition of PP2A. The inhibition of PP2A activity was not only observed immediately after the induction of LTP, but was still detectable one hour after induction, indicating that persistently decreased PP2A activity may have a role in the maintenance of LTP [53, 54] . Furthermore, the observed inhibition of PP2A showed a pattern of NMDA-receptors dependence. The auto-phosphorylation of CaMKII triggered by the activation of NMDA receptors is a cellular event critical to the induction of LTP. It is shown that the purified PP2A Bα is a substrate for CaMKII phosphorylation, and this subunit is phosphorylated during the induction of LTP in the hippocampus [54] . Combined with these data, we may suggest that the inhibited activity of PP2A during LTP is associated with the phosphorylation of PP2A mediated by CaMKII triggered by the activation of NMDA receptor. As for the decrease in PP2A activity, this phosphorylation persisted for more than one hour after LTP induction. In view of this CaMKII-dependent decrease in PP2A activity, it is interesting that auto-phosphorylated CaMKII is much more readily de-phosphorylated by PP1 than by PP2A [54] . Thus, the CaMKII-dependent suppression of PP2A activity and prevention of the dephosphorylation of CaMKII by PP2A might serve as key processing events necessary for the LTP maintenance ( Figure 2) . Pi et al. [55] showed that the coupled PP2A and CaMKII switches lead to a tristable system in which the kinase activity is high in the LTP state, the PP2A activity is high in the LTD state, and neither activity is high in the basal state. These data provide an explanation for the inhibition of PP2A prevents LTD induction.
The auto-phosphorylation of CaMKII induced by tetanization is reported to be blocked by a PKA inhibitor, indicating a potential downstream substrate regulated by the PKA-dependent suppression of phosphatase activity. One possibility is that PP2A regulates LTP by competing with PKA for the regulation of specific phosphorylation sites, such as the GluN1 subunit of NMDA receptors. Although much more work needs to be done in this area, the data indicate an important involvement of the persistent down-regulation of PP2A activity in the maintenance of LTP. PP2A are also found to be involved in the development of LTD in the hippocampus. A number of studies showed that PP2A inhibitors disrupt NMDA receptor-dependent LTD at glutamatergic synapses in hippocampus [56, 57] .
PP2A is implicated in synaptic plasticity and pain central sensitization through regulating the function of NMDA receptors NMDA receptors are nonselective cation channels critical for neuronal excitability and particularly for Ca 2 + -dependent modulation of synaptic plasticity in nociceptive processing. It was found that in the mouse nucleus accumbens, endogenous PP2A regulates NMDA receptor channel phosphorylation, activity and kinetics. In cultured hippocampal neurons, exogenous PP2A depressed the open probability of NMDA receptors [58] . Phosphatase may participate in the long-term changes in NMDA receptor function, such as LTP or LTD. Okadaic acid, which serves as a potent and specific inhibitor of the serine/threonine protein phosphatases 1 and 2A, may enhance the open probability of NMDA receptors [59, 60] . It has been demonstrated that okadaic acid increases the NMDA and AMPA-kainate receptorsmediated currents in neurons of the hippocampus [61] . Intra-hippocampal micro-injection of okadaic acid induces the hyper-phosphorylation of the GluN2B subunit of the NMDA receptors [62] . Association of PP2A with NMDA receptors may result in an increase in the phosphatase activity of PP2A and the dephosphorylation of Serine 897 of the NMDA receptor subunit NR1. On the other hand, the dissociation of PP2A from the complex and the reduction of PP2A activity can be caused by stimulation of NMDA receptors [63] .
Using an animal model of inflammatory pain, our previous studies have demonstrated that PP2A plays a critical role in determining the excitability of nociceptive neurons in the spinal cord by modulating the phosphorylation state of some critical proteins [13, 14] . Infusion of a general inhibitor of PP2A, okadaic acid (OA), and a specific inhibitor, fostriecin into the subarachnoid space may significantly enhance the secondary mechanical hyperalgesia and allodynia following intradermal injection of capsaicin [14] . Further, we found that the up-regulated phosphorylation of both GluN1 and GluN2B subunits of NMDA receptors induced by capsaicin injection was significantly potentiated by the PP2A inhibitor without affecting the GluN1 and GluN2B protein itself in the spinal cord dorsal horns. It suggests that PP2A may have a regulatory effect on central sensitization induced by noxious stimuli in the periphery by regulating the phosphorylation state of NMDA receptors [13] . Using an in vivo electrophysiological recording technique, our previous study has also shown that PP2A inhibitors significantly prolonged the responses of dorsal horn neurons to mechanical stimuli in anesthetized rats following intra- , which is phosphorylated by PKC. CaMKII was also found to phosphorylate both Ser 831 and Ser 845 in GluA1, and contributes to the single-channel conductance of the receptor, and thus, possibly increases AMPA receptor conductance during LTP. The de-phosphorylation of Ser 845 was blocked by the pretreatment with okadaic acid, indicating an involvement of PP1 and/or PP2A. The phosphorylation or de-phosphorylation of AMPA receptors is closely associated with the receptor trafficking. The GluA1 subunit is the important substrate of PP2A, indicating PP2A activity is a critical for AMPA receptor trafficking and might play an important role in AMPA receptor-mediated nociception. The transcription factor cAMP-response-element-binding protein (CREB) has been demonstrated to be involved in synaptic plasticity and gene transcription and PP2A is thought to be the main CREB phosphatase. Histone deacetylase (HDAC) may reverse the action of histone acetylase and block the gene transcription process through the chromatin remodeling. PP2A is responsible for the de-phosphorylation of class II HDACs and for the subsequent triggering nuclear localization and repression of target genes, while the phosphorylaton-triggering cytoplasmatic localization may lead to the activation of target genes.
dermal injection of capsaicin, indicating PP2A may be involved in determining the duration of capsaicin-induced central sensitization [11, 12] .
PP2A regulates the function of AMPA receptor through influencing the dephosphorylation and trafficking of AMPA receptor subunits AMPA receptor has an important role in synaptic plasticity and central sensitization of pain [8, 9, [64] [65] [66] . AMPA receptors present unique functional regulations, such as subunits phosphorylation and membrane insertion or internalization. The intracellular C-terminal domains of AMPA receptor subunits allow subunit-specific regulation by phosphorylation. There are several protein phosphorylation sites located on the C-terminal region, which are working targets of PKA, PKC, and CaMKII [1, 7] . Sitedirected mutagenesis and phosphopeptide analysis identified two major phosphorylation sites on GluR1: Ser by PKC changes channel conductance. CaMKII was also found to phosphorylate both Ser 831 and Ser 845 in GluA1 and contributes to the single-channel conductance of the receptor and possibly increases AMPA receptor conductance during LTP [65] . The phosphorylation of GluA2 plays an important role in the receptor clusters during synaptic plasticity and persistent painful stimulation [67] . It has been demonstrated that GluA2 may be phosphorylated on Ser 880 by PKC in vitro and in transfected cells [68] .
The development of phosphorylation-site-specific antibodies has greatly facilitated the study of the phosphorylation state of endogenous proteins regulated by kinases and phosphatases. Huganir's group has shown that the induction of LTD by prolonged, low-frequency stimulation led to a decrease in the phosphorylation of Ser 845 but not Ser 831 of GluA1 subunits, as assessed by the Western blot analysis of hippocampal slices after stimulation [69] . The de-phosphorylation of Ser 845 was blocked by pretreatment with okadaic acid, indicating an involvement of PP1 and/or PP2A (Figure 2) . So, GluA1 is a critical substrate of protein phosphatases in LTD. Although a similar decrease in Ser 845 phosphorylation was observed when LTD was induced chemically by the application of NMDA, this de-phosphorylation was not blocked by high concentrations of either okadaic acid or calyculin A [70] . This result indicates that different populations of GluA1 might be regulated by distinct phosphatases. Consistent with this idea, Strack and colleagues have observed a similar phenomenon in the case of another substrate, CaMKII. Whereas soluble CaMKIIα is a PP2A substrate, translocation of CaMKIIα to the postsynaptic density by autophosphorylation converts it to a PP1 substrate [54] . Interestingly, it is noted that CaMKII activity in the postsynaptic density does not appear to correlate with synaptic insertion of GluA1 at C fiber synapses in inflammatory pain [41, 71] . Thus, this strongly supports the notion that, even if PP1 is the major phosphatase in the postsynaptic density, cytosolic PP2A (or PP2B) may regulate the autophosphorylation of CaMKII that mediates synaptic AMPA receptor incorporation. However, the synaptic induction of LTD is associated with the de-phosphorylation of Ser . LTP-inducing stimulation only elicited increased Ser 845 phosphorylation when LTP was induced at previously depressed synapses. Conversely, at previously potentiated synapses, the administration of de-potentiating, low-frequency stimuli produced de-phosphorylation of Ser 831 , but not Ser 845 [69, 72, 73] . These studies show that the de-phosphorylation regulation by protein phosphotases in synaptic plasticity is associated with the functional status of the synapses. In spinal neurons, our group has shown that PKA mediates the phosphorylation of serine at the Ser 845 site, and PKC targets the Ser 831 site following noxious stimulation [7] . Further, we have demonstrated that AMPA receptors showed enhanced responsiveness to nociceptive stimulation through this phosphorylation step during central sensitization [1] . However, much less is known about the de-phosphorylation regulation of GluA1 or GluA2 subunits by PP2A in different pain models.
The de-phosphorylation of ligand-gated channels regulates the channel properties. The accumulated evidence indicates that phosphatase activity also regulates the surface insertion or cluster of these neuronal receptors. Several studies have shown that NMDA-receptor-dependent LTD is associated with a post-synaptic silence of synapses, and that a post-synaptic interference with the endocytotic machinery hampers LTD. A series of studies now show that the rapid trafficking of AMPA receptors may occur in the hippocampal or spinal dorsal horn neurons after subunit phosphorylaiton [74, 75] . The internalization of AMPA receptors can be blocked by inhibitors of protein phosphotase, indicating that protein phosphatase might have a regulatory role in LTD [76] . Currently, little is known about the role of PP2A in the trafficking of AMPA receptor subunits. It has been demonstrated that a membrane insertion of Ca 2+ -permeable AMPA receptors greatly contributes to the synaptic plasticity in hippocampus and central sensitization of pain in the spinal cord dorsal horns [8, 77] . Huganir's group has also shown that the trafficking of AMPA receptors is regulated through the PKA phosphorylation of GluA1 subunits [78, 79] . Another study indicated that the signaling pathway that drive the insertion of GluA1 subunits into the plasma membrane during LTP in vitro require the activated CaMKII [80] . In spinal neurons, intrathecal application of a CaMKII inhibitor, KN-93, before the painful visceral stimulus, apparently inhibits the GluA1 accumulation in the plasma membrane fraction. Peripheral inflammation stimuli drive the phosphorylation and trafficking of AMPA receptor subunits in spinal cord dorsal horns [81, 82] . The data suggests that the phosphorylation or de-phosphorylation of AMPA receptors is closely associated with the receptor trafficking events. The GluA1 subunit is an important substrate of PP2A, indicating activated PP2A is a critical modulator of AMPA receptor trafficking and might play an important role in AMPA receptor-mediated nociception (Figure 2) . In future studies, it will be valuable to determine the activity status of PP2A in the spinal cord dorsal horns and the de-sphosphorylation as well as trafficking regulation of AMPA receptor GluA1 or GluA2 subunits by PP2A in different animal models of pain.
PP2A regulates synaptic transmission through influencing transcription factors and subsequent chromatin remodeling
Another way in which phosphatases might regulate synaptic transmission on a longer timescale is through the alternation of chromatin remodeling and gene transcription. Calcium-dependent gene transcription has a critical role in both synaptic plasticity and memory formation. The transcription factor cAMP-response-element-binding protein (CREB) has been demonstrated to be involved in synaptic plasticity and long-term memory, and serves a substrate for various phosphatases as well [57] . In cultured hippocampal neurons, PP1 and/or PP2A are observed to be main CREB phosphatases, and although PP2B does not directly de-phosphorylate CREB, it nonetheless has a key role in regulating CREB-mediated transcription process [83] . Various stimuli evoke the transient phosphorylation of CREB protein, but a more sustained phosphorylation seems to be necessary for a CREBmediated transcription to occur. It has been shown that PP2A may play a critical role in constraining the progression of information from the synapse to the nucleus (Figure 2 ). It will be important to learn how the activity dependent regulation of PP2A influences the relevant gene expression. PP2A has been shown to form a signaling complex with CaMKIV that regulates CREB phosphorylation, and thus, a CREB-mediated transcription [51] . PP2A holoenzymes may also negatively regulate NF-κB-mediated transcriptional activities [84] . Some PP2A regulatory subunits, such as PR55γ and PR55δ, are inhibitors of JNK and c-Src kinases, which are important to regulate transcription factors.
The important role for multiple protein kinases in regulation of nociception in animal studies suggests its function on nociception-elicited gene expression through mediation of transcription factors, such as c-fos and CREB. Increased phosphorylation of CREB protein through the activation of glutamate receptors and the PKA, PKC, and CaMKII cascades during central sensitization was reported in several animal models of pain [2, 6, 10, 42] . It suggests an intra-cellular connection between activation of transcription factors and molecular mechanisms mediating stimuli-induced nuclear gene activation through several protein kinase pathways. PP2A may exert a negative action on CREB-mediated transcription-dependent central sensitization, since CREB is an important substrate of PP2A. Future investigations need to determine the regulation of PP2A activity during central sensitization through multiple transcription factors, such as c-fos, c-Jun and NF-κB.
Previous studies have suggested that post-translational or epi-genetic modification (acetylation, methylation, phosphorylation, etc.) of histones, and subsequently remodeling of chromatin structure, play a critical role in controlling gene transcription and facilitating long-term changes during synaptic plasticity and central sensitization of pain [85] [86] [87] [88] . Chromatin structures are regulated in hippocampal and spinal neurons in response to activation of multiple kinase activation. In particular, it has been shown that the histone acetyltransferase activity of CREB binding protein (CBP) is necessary for synaptic plasticity and central sensitization of pain [89] . CREB can be phosphorylated and activated by different kinases and then it recruits the histone acetyltransferase co-activator CBP and its homologue p300. The recruitment of CBP/p300 and changes in the level of histone acetylation are required for gene transcription. Another study from our group reported that the activated JNK signaling pathway was observed to contribute to the regulation of histone remodeling in peripheral sensory neurons following neurotoxic stimulation [90] . Therefore, PP2A activity may regulate the histone-acetylation induced subsequent neuroepigenetic changes and downstream gene transcription through the de-phosphorylation of CREB.
In contrast to histone acetylase, histone deacetylase (HDAC) may remove acetyl groups from lysine residues of histones, and other non-histone proteins, and reverse the action of histone acetylase and block the gene transcription process. PP2A comprises a family of holoenzyme complexes with diverse biological activities, which mainly depend on individual regulatory subunits. The PP2A heterotrimeric complex was formed by the PP2A-A subunit and the catalytic subunit (PP2A-C), while G5PR as a regulatory subunit exhibits phosphatase activity on histone H1. Class II HDACs are key transcriptional regulators whose activities are controlled via phosphorylation-dependent nucleo-cytoplasmic shuttling [91] . PP2A is responsible for de-phosphorylation of class II HDACs triggering nuclear localization and repression of target genes, whereas phosphorylation triggers cytoplasmatic localization leading to activation of target genes [91] (Figure 2) . Recent studies have shown that the HDACs have been implicated in spinal nociception in inflammatory pain [92, 93] . It is presumable that PP2A may regulate the gene expression in the spinal cord dorsal horns elicited by peripheral noxious stimuli through the de-phosphorylation of class II HDACs and subsequent neuro-epigenetic alternations.
Concluding remark
In this review, we have highlighted the roles of PP2A in synaptic plasticity and central sensitization of nociceptive process. Specifically, they have key roles in limiting LTP induction and maintenance, and in triggering LTD induction. PP2A activity is regulated by holoenzyme composition, post-translational modification of methylation and phosphorylation. PP2A may exert its action through the de-phosphorylaiton of critical substrates relevant to nociceptive processing, such as NMDA receptor subunits, AMPA receptor GluA1 subunits, transcription factors and class II HDACs. All these substrate molecules are implicated in synaptic plasticity and central sensitization in the central nervous system. PP2A may serve as a potential molecular target that can be selectively and effectively modulated through pharmaceutical intervention to treat pain.
